[bookmark: _GoBack]Living donor liver transplantation (LDLT) has become a routine surgical procedure for a patient with an end-stage liver disease such as severe deterioration of liver function. Due to the scarcity of pediatric and cadaveric donors, LDLT has been practiced increasingly in countries where living donors are practically the primary sources of organs for donation [1-5].
Estimation of graft weight (GW) is important to both recipients and donors for safe and successful LDLT. The ratio of an estimated GW to a recipient’s body weight is crucial for the recipient to prevent post-transplant complications due to small-for-size syndrome [6-13] or large-for-size syndrome [8, 14]. For example, use of a small-for-size graft can result in lower graft survival due to enhanced parenchymal cell injury and reduced metabolic and synthetic capacity [8], while use of a large-for-size graft can cause an increased risk of vascular complications, immunological impairments [8] and respiratory failure [14]. In contrast, loss of excessive liver tissue for a donor can lead to a high risk of postoperative liver failure [15, 16]. For example, Schindl et al. [15] reported that postoperative serious hepatic dysfunction often occurs if the ratio of residual to total functional liver volume (TFLV = entire liver volume − tumor volume) is smaller than 26.6%. 
Right lobe GW has been directly estimated by computed tomographic (CT) volumetry, however, there is a tendency that CT volumetry overestimates GW. Right lobe GW is often considered equal to right lobe graft volume (GV) estimated by CT volumetry with an assumption of liver density = 1.00 g/ml [17, 18]. However, several studies reported that right lobe GW estimated by CT volumetry is larger than the intraoperatively measured right lobe GW [19-25]. The major causes of CT volumetric error include intraoperative drainage of blood [26] and actual liver density different from 1.00 g/ml (e.g., Yu et al. [27] reported 1.04 g/ml of liver density).
Right lobe GW estimation formulas have been established using right lobe GV with veins (GVw_veins) including portal vein and hepatic vein by sacrificing accuracy due to inclusion of the blood volume in the intrahepatic veins in the preoperatively measured CT volume of the graft. Lemke et al. [21] and Yoneyama et al. [28] developed GVw_veins-based GW estimation formulas for the German (GW = 143.704 + 0.678 × GVw_veins; adjusted R2 = 0.76) and the Japanese (GW = 0.84 × GVw_veins; adjusted R2 = 0.52), respectively. However, the accuracy of a GVw_veins-based GW estimation formula is sacrificed because an intraoperatively measured GW excludes the weight of blood in the intrahepatic veins. 
Formulas established by right lobe GV without veins (GVw/o_veins = GVw_veins – blood volume in the intrahepatic veins) are needed for right lobe GW estimation with better accuracy. Kim et al. [25] and Mokry et al. [29] developed right lobe GVw/o_veins-based GW estimation formulas for the Korean (GW = 88.5117 + 0.8815 × GVw/o_veins; adjusted R2 = 0.84) and the German (GW = 28.0 + 1.01 × GVw/o_veins; adjusted R2 = 0.92), respectively. Kim et al. [25] reported that the percentage of absolute error of the GVw/o_veins-based formula was 5.0%, whereas that of the GVw_veins-based formula was 10.2%. However, their GVw/o_veins-based formula still needs to be improved since the percentage of absolute error larger than 10% occurred in 2 out of 88 cases in their study [25]. On the other hand, Mokry et al. [29] reported an opposite result (the error ratio of the GVw/o_veins-based formula was −6.5%, whereas that of the GVw_veins-based formula was −2.7%) without providing information of percentage of absolute error and the number of cases of which percentage of absolute error > 10%.
[bookmark: OLE_LINK3]The present study was intended to develop a more accurate formula for right lobe GW estimation using right lobe GVw/o_veins measured by CT volumetry and compare its estimation accuracy with those of existing formulas. GW estimation models were established using CT volumetric data of Korean patients and their accuracy performance was assessed in terms of absolute error, percentage of absolute error, and number of cases of which percentage of absolute error > 10%. 

MATERIALS AND METHODS

Patient Data
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Preoperative abdominal CT images and intraoperatively measured GWs of 40 right lobe graft donors (8 females and 32 males; age = 29.6 ± 10.3 years) were provided by Pusan National University Yangsan Hospital (PNUYH) for establishment of GW estimation formulas in the present study. Additionally, data of 20 right lobe graft donors (6 females and 14 males; age = 24.1 ± 6.9 years) from PNUYH and 23 right lobe graft donors (5 females and 18 males; age = 29.6 ± 10.8 years) from Chonbuk National University Hospital (CNUH) were provided for cross-validation of GW estimation formulas. The present study was approved by the IRBs at PNUYH and CNUH.

CT Imaging
CT images were obtained using a 128-row multidetector CT scanner (SOMATOM Definition AS+; Siemens, Forchheim, Germany). Potential liver donors were fasted for more than 6 hours before CT scanning. CT scanning was performed while the donor held a breath at the end of inspiration. After obtaining CT images without a contrast medium, 120 to 130 ml of Iopromide (Ultravist 370; Schering, Berlin, Germany) was administered at a flow rate of 3 ml/sec using a mechanical injector followed by triphasic CT scanning during the arterial, portal, and delayed phases. An automatic bolus-tracking system (CARE Bolus; Siemens, Forchheim, Germany) was used to trigger data acquisition after enhancement of the descending aorta reached a threshold of 100 Hounsfield Units. The scanning and reconstitution parameters were as follows: detector collimation = 128 × 1.5 mm for unenhanced scanning and 128 × 0.75 mm for enhanced scanning; pitch value (table feed per gantry rotation divided by collimated beam width) = 0.6; gantry rotation time = 0.5 sec; and slice thickness = 3 mm.

Preoperative CT Volumetric Measurement 
Right Lobe Graft Volume with Veins
Two LDLT expert surgeons measured the right lobe GVw_veins of each donor with CT volume data obtained in the delayed phase in two steps: (1) liver extraction and volumetry and (2) right lobe graft resection and volumetry (Figure 1.a) by Dr. Liver™ (Humanopia, Inc., Pohang, South Korea). In the liver extraction and volumetry step, liver was extracted from CT volume data based on selected multiple seed points using a hybrid semi-automatic liver extraction method [30] with a high accuracy (97.6%) in CT volumetry. The extrahepatic portal vein and inferior vena cava were automatically excluded from the extracted liver. In the right lobe graft resection and volumetry step, the extracted liver was interactively segmented into left and right lobes by a curved resection plane. Resection planes for liver segmentation at the two hospitals differed from each other due to difference in surgical technique applied. In case of PNUYH, the resection plane passed through the center of the inferior vena cava, the middle hepatic vein, and the middle of the gallbladder bed [31]. In case of CNUH, the resection plane passed through the center of the inferior vena cava, the right side of the middle hepatic vein, and the middle of the gallbladder bed. The total liver volume of the donor with veins (LVw_veins) and GVw_veins were calculated using the summation-of-area method [32].

Right Lobe Graft Volume without Veins
The measurement process of right lobe GVw/o_veins was similar to that of right lobe GVw_veins except that two more steps (extraction of veins and subtraction of veins from the liver) were added to exclude veins from the extracted liver (Figure 1.b.). After liver extraction with Dr. Liver, the intrahepatic veins including portal and hepatic veins were semi-automatically extracted by a region growing method using multiple seed points interactively selected by surgeons from two to three CT slices. Then the intrahepatic veins were subtracted from the extracted liver regions to obtain liver regions without veins. Lastly, the liver regions without veins were divided into left and right lobes by a curved resection plane as explained before and the total liver volume without veins (LVw/o_veins) and GVw/o_veins were calculated.

[Insert Figure 1 about here]

Intraoperative Measurement of Actual Graft Weight
A liver graft was flushed by a surgeon at the back table with histidine-tryptophan-ketoglutarate solution (Custodiol; Köhler Chemie, Alsbach-Hähnlein, Germany). Then the graft was trimmed and weighed. 

Statistical Analysis
Intraoperative measurements of right lobe GW were plotted against preoperative estimates of right lobe GVw_veins and GVw/o_veins, respectively. Regression formulas were established to describe the relationships between right lobe GW and GVw_veins/GVw/o_veins. A residual analysis was conducted to assess the adequacy of fit of the regression models. The two-sample t-test was conducted to find if significant differences exist between different gender (male vs. female) and age groups (under 30 vs. over 40 years) in terms of GW estimation error. All statistical analysis was conducted using Minitab v. 14 (Minitab, Inc., USA) at  = 0.05.

RESULTS

Measurements of Right Lobe Graft Weight, Graft Volumes with and without Veins
[bookmark: OLE_LINK7][bookmark: OLE_LINK6][bookmark: OLE_LINK8]The average ± SD of intraoperatively measured right lobe GW was 732.9 ± 136.4 g (range = 471 to 1033 g). The average ± SD of preoperative right lobe GVw_veins was 851.0 ± 164.6 ml (range = 522 to 1135 ml), whereas the average ± SD of preoperative right lobe GVw/o_veins was 746.1 ± 140.2 ml (range = 462 to 1024 ml).

Regression Formulas for Right Lobe Graft Weight Estimation
GW estimation formulas based on GVw_veins and GVw/o_veins were established in the present study. The GVw/o_veins-based formula (GW = 29.1 + 0.943 × GVw/o_veins, adjusted R2 = 0.94, p < .05; Figure 2.a) was found superior to the GVw_veins-based one (GW = 74.7 + 0.773 × GVw_veins, adjusted R2 = 0.87, p < .05; Figure 2.b).

[Insert Figure 2 about here]

Cross Validation Results
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The proposed GVw/o_veins-based formula achieved the highest adjusted R2 value and accuracy in GW estimation compared with the existing formulas (Table 1). The proposed GVw/o_veins-based formula was compared with the existing formulas using data (n = 43) from the two centers for validation in terms of absolute error (AE, g) and percentage of absolute error (PAE, %). AE defines the absolute difference between GW estimated by a regression formula and corresponding GW intraoperatively measured. PAE is the ratio of AE to intraoperatively measured GW. The GVw_veins-based formula established in the present study showed similar performance to those reported by Lemke et al. and Yoneyama et al. The proposed GVw/o_veins-based formula was found superior to all the GVw_veins-based and GVw/o_veins-based formulas in terms of adjusted R2, AE, and PAE. The superiority of the proposed GVw/o_veins-based formula in GW estimation was also observed in cross validation. Note that the proposed GVw/o_veins-based formula did not have any cases of which PAE > 10%. No significant differences were found between different gender (male vs. female: t(7) = .48, p = .648 for AE; t(6) = .21, p = .843 for PAE) and age groups (under 30 vs. over 40 years: t(4) = −0.54, p = .619 for AE; t(5) = −0.53, p = .621 for PAE). 

[Insert Table 1 about here]

DISCUSSION

The present study developed regression formulas based on preoperatively measured right lobe GVw/o_veins and GVw_veins to estimate right lobe GW. The GVw_veins-based formulas sacrifice accuracy in GW estimation because the graft procured intraoperatively is weighed after the blood in the liver is drained. By excluding the volume of the veins from GV, GW could be estimated more accurately in the present study.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]The proposed GVw/o_veins-based formula in the present study was found superior to the existing GVw_veins- and GVw/o_veins-based formulas in terms of adjusted R2 and accuracy (AE and PAE). The proposed GVw/o_veins-based formula showed the largest adjusted R2 (= 0.94) and smallest AE (= 16.3 ± 12.6 g for PNUYH data and 21.5 ± 16.5 g for CNUH data) and PAE (= 2.6 ± 2.2% for PNUYH data and 3.0 ± 2.3% for CNUH data; all PAEs < 10%).
The cross validation results of the present study support the superiority of the proposed GVw/o_veins-based formula. Lemke et al. [21] reported that the error ratio of their GVw_veins-based formula in GW estimation was 20.5% ± 10.8%. The possible causes of the substantial error were listed as follows: (1) lack of accuracy in liver segmentation, (2) discrepancy among examination techniques and examiners, and (3) intraoperative drainage of liquid such as blood from the liver. The present study could minimize the effects of the possible causes of errors in GW estimation and achieved a significantly small error ratio (= 3.0% ± 2.3%) using GVw/o_veins. Firstly, the present study applied a hybrid semi-automatic liver extraction method [30] which has a high accuracy (97.6%) for preoperative CT volumetric measurement. Secondly, the consistency between the right lobe graft preoperatively identified using Dr. Liver and the right lobe graft intraoperatively harvested was maximized in the present study because the same surgeon conducted surgery planning for LDLT using Dr. Liver. Lastly, this study minimized the effect of intraoperative drainage of blood on GW estimation by excluding the volume of blood vessels from right lobe GV in surgery planning.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Use of the GVw/o_veins-based formula requires 2 to 3 min more than that of the GVw_veins-based formula due to reconstruction and exclusion of veins from right lobe GV. For the GVw_veins-based formula, measurement of a preoperative GVw_veins took 3 to 5 min by Dr. Liver including liver extraction (2 to 3 min) and graft resection (1 to 2 min). For the GVw/o_veins-based formula, measurement of a GVw/o_veins took 2 to 3 min more due to additional steps to extract veins and exclude the volume of veins from right lobe GV. 
Future study is needed to examine the generalizability of the proposed GVw/o_veins-based regression model for GW estimation. Data of populations other than Koreans and/or those collected from various medical centers can be analyzed to examine the effects of race and GV measurement protocol on the accuracy of GW estimation.

CONCLUSIONS

GVw/o_veins-based formula is preferred to GVw_veins-based formula in GW estimation. Accurate preoperative CT volumetry and matching between planned and real surgical cutting lines are crucial in establishment of an accurate GW estimation formula.
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	Models
	Adjusted
R2
	PNUYH Data (n = 20)
	CNUH Data (n =23)

	
	
	Absolute Error 
(AE; g)
	Percentage of AE (PAE = AE/GW; %)
	# cases 
of PAE > 10%
(%)
	AE
(g)
	PAE
(%)
	# cases 
of PAE > 10%
(%)

	
	
	Mean
(SD)
	SE
	Mean
(SD)
	SE
	
	Mean
(SD)
	SE
	Mean
(SD)
	SE
	

	The present study
	
	
	
	
	
	
	
	
	
	
	

	GW = 29.1 + 0.943 × GVw/o_veins
	0.94
	16.3
(12.6)
	2.8
	2.6
(2.2)
	0.5
	None
	21.5
(16.5)
	3.4
	3.0
(2.3)
	0.5
	None

	GW = 74.7 + 0.773 × GVw_veins
	0.87
	35.0
(25.1)
	5.6
	5.4
(3.9)
	0.9
	2
(10.0%)
	41.8
(33.9)
	7.1
	5.8
(4.6)
	1.0
	6
(26.1%)

	Lemke et al.’s formula
	
	
	
	
	
	
	
	
	
	
	

	GW = 143.7 + 0.678 × GVw_veins
	0.76
	36.6
(22.5)
	5.0
	5.8
(4.1)
	0.9
	3
(15.0%)
	45.5
(32.9)
	6.9
	6.1
(4.1)
	0.9
	4
(17.4%)

	Yoneyama et al.’s formula
	
	
	
	
	
	
	
	
	
	
	

	GW = 0.84 × GVw_veins
	0.52
	34.2
(26.4)
	5.9
	5.0
(3.5)
	0.8
	2
(10.0%)
	42.0
(36.8)
	7.7
	5.7
(4.9)
	1.0
	3
(13.0%)

	Mokry et al.’s formula
	
	
	
	
	
	
	
	
	
	
	

	GW = 28.0 + 1.01 × GVw/o_veins
	0.92
	50.2
(18.5)
	4.1
	7.8
(3.3)
	0.7
	4
(20.0%)
	55.0
(24.6)
	5.1
	7.7
(3.6)
	0.8
	6
(26.1%)

	Kim et al.’s formula
	
	
	
	
	
	
	
	
	
	
	

	GW = 88.5117 + 0.8815 × GVw/o_veins
	0.84
	25.6
(20.5)
	4.6
	4.4
(3.9)
	0.9
	2
(10%)
	28.3
(17.8)
	3.7
	4.1
(2.7)
	0.6
	1
(4.3%)


Table 1. Validation results of graft weight (GW) estimation models
GVw_veins: graft volume with veins, GVw/o_veins: graft volume without veins, SD: standard deviation, SE: standard error
Figure Legends

Figure 1. Right lobe graft volume measurement procedure: (a) graft volume with veins and (b) graft volume without veins.
Figure 2. Relationships between intraoperatively measured graft weight (GW) and preoperatively estimated graft volume (GV) (n = 40 cases): (a) GW vs. GVw_veins (GV with veins) and (b) GW vs. GVw/o_veins (GV without veins).
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Figure 1. Right lobe graft volume measurement procedure: (a) graft volume with veins and (b) graft volume without veins.
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Figure 2. Relationships between intraoperatively measured graft weight (GW) and preoperatively estimated graft volume (GV) (n = 40 cases): (a) GW vs. GVw_veins (GV with veins) and (b) GW vs. GVw/o_veins (GV without veins).
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